Suspensions of isolated cells in various media were prepared from mouse liver which had been perfused via the portal vein with a buffered medium containing 0.40 M sucrose, and the cells were fixed with osmium tetroxide. Their fine structure was compared with that of cells from perfused and unperfnscd intact liver. Perfusion brought about some separation of the cells with little or no damage to cell membranes. When cells were dispersed in 0.40 u sucrose medium the plasma membranes partially broke down, and this disintegration was increased by transfer of the cells to media of lower osmolarity. This is presumed to account for the loss of permeability barriers which occurs in isolated liver cells. The mitochondria in cells of perfused liver and in isolated cells remained elongated, but the layers of many mitochondrial cristae became separated by clear spaces. When cells were transferred to a medium containing 0.20 M sucrose, the mitochondria swelled and became spherical, often with displacement of the swollen cristae to the periphery. In a medium containing 0.06 M sucrose and 0.08 M potassium chloride the outer chamber of many mitochondria became swollen with displacement of the mitochondrial body to one side to give a crescent-shaped appearance. These changes in mitochondrial morphology are discussed in relation to the metabolic activity of isolated liver cells.
INTRODUCTION
Although the metabolic properties of cells isolated from perfused liver (1) have been studied by several authors, few reports of the fine structure of such cells have been published (2, 3) , although a recent report on the electron microscopy of ethylencdiaminetetraacetate (EDTA)-perfuscd liver (4) is available. The differences in metabolic activity of isolated liver cells in various suspending media (5) prompted a more detailed morphological study, which is reported in the present paper.
METHODS
Isolated cells from adult mouse liver were prepared as described previously (5) . The medium used for perfusion and dispersion of the liver comprised 0.40 M sucrose, 0.02 M tris HC1 buffer, pH 7.3. A portion of the cells was washed once and resuspended in this medium, and the remainder was washed and resuspended in either 0.20M sucrose medium or 0.06 M sucrose, 0.08 U KC1 medium (5) . All washing procedures were carried out at 0-4°C using ice cold media.
Portions of normal and perfused liver were fixed in Caulfield's (6) modification of Palade's buffered 1 per cent osmium tetroxide fixative (7) for 90 minutes at 4°C and then dehydrated in ethanol and embedded in methacrylate. The isolated cells were similarly fixed and embedded, but the fixation time was reduced to 10 minutes; the ceils were suspended and centrifuged once during each step of the process.
Sections were examined with a Philips EM 100 B electron microscope, Samples of unfixed isolated cells were examined with a Reichert Neozet phase contrast microscope.
R E S U L T S
Since the tissue preparations were obtained from the livers of mice anesthetized with ether it was necessary to determine whether the unperfused liver showed any abnormalities of fine structure. T h e sections ( Figs. 1 and 2) show the characteristic features of liver fixed in osmium tetroxide and embedded in methacrylate.
Perfusion of the liver with 0,40 M sucrose medium led to some separation of adjacent cells without any major disruption of the cell membrane (Fig. 3) . Some crenation of the nuclear m e m b r a n e occurred and many of the mitochondria contained clear areas not present in the mitochondria of normal liver.
The structural changes which occurred in the isolated cells were more extensive. Although in some cells the cell m e m b r a n e remained relatively intact (Fig. 5) , in many others it was widely disrupted (Figs. 9 and 11 ). This disruption of the plasma m e m b r a n e was visible in cells suspended in each medium but appeared least marked in 0.40 M sucrose medium.
The characteristic feature of mitochondria in the cells of liver perfused with 0.40 M sucrose medium was the appearance within them of clear areas, i.e., spaces with about the same density as the embedding plastic (Figs. 3 and 4) . W h e n the Normal liver showing endoplasmic reticulum (E) and mitochondria (M). X 38,000.
FIGURE
Normal liver, showing cell membranes (C) of two adjacent cells with interdigitating processes, mitochondrla (M), and a granular body. )< 38,000.
perfused liver was dispersed in 0.40 M sucrose medium (Fig. 5) , the mitochondria of the isolated cells underwent no further alteration. Study of many mitochondria indicated that most of these clear areas were situated within the cristae. Some were more superficial and lay not within the cristae but directly beneath the outer mitochon-W h e n the cells were suspended in 0.20 M sucrose medium the mitochondria swelled and became spherical (Figs. 7 and 9 ). T h e clear areas in many of these mitochondria were situated around the periphery, suggesting that they had been displaced by swelling of the mitochondrial matrix (Fig. 10) . In many cases the cristal membranes seemed to I~IGURE 3 Liver perfused with 0.40 M sucrose medium, showing several liver cclls, bile canaliculi (B), a Kupffcr cell (K), and many mitochondria (M) which contain small translucent areas. N, nucleus; E, endoplasmic reticulum. X 3400.
drial membrane. Thus all the clear areas were confined to the outer mitochondrial chamber (8), i.e., the space between the outer and inner membranes.
Phase contrast microscopy gave a useful impression of mitochondrial size, shape, and distribution. In 0.40 M sucrose m e d i u m the mitochondria appeared as highly refractile bodies distributed throughout the cytoplasm. They were mainly elongated, appearing as thick rods or as long, thin threads, but some spherical forms were also present ( Fig. 6 ).
have been partially taken up into the inner mitochondrial membrane.
In sucrose-KC1 m e d i u m many crescent-and ring-shaped mitochondria were seen, and these mitochondria were in general larger than in 0.20 M sucrose m e d i u m (Fig. 8 ). Electron microscopy (Figs. 11 and 12) revealed that the crescent or ring was formed only from the mitochondrial body, the outer mitochondrial chamber being distended to form a large vesicle which displaced the matrix of the mitochondrion to the periphery of the organelle. T h e mitochondrial bodies ap- FIGURE 4 Higher power view of a mitochondrion in liver pcrfused with 0.40 ~ sucrose. The outer and inner mitochondrial membranes can be seen (arrows). The mitochondrial cristae (V) have become swollen, apparently owing to distension with fluid. The mitochondria in cells isolated in 0.40 M sucrose medium were exactly similar. X 38,000.
FIG~-aE 5
Liver cell isolated in 0.443 ~a sucrose medium. The mitochondria (M) resemble those seen in Fig. 4 . The enfloplasmic reticulum (E) seems relatively intact. The cell membrane(C) here is also largely intact; in other areas it was often partly disrupted. X 6000.
FIGURE 6
Isolated binucleate liver cell suspended in 0.40 M sucrose medium. The cell contains numerous mitochondria, most of which are elongated in form. The cell membrane and mitochondrial vesicles cannot be defined. AT, nucleus. X 1700.
FIGURE 7
Isolated liver cell transferred to 0.20 M sucrose medium. All the mitochondria have become spherical. X 1400.
FIGURE 8
Isolated liver cell transferred to sucrose-KC1 medium. M a n y of the mitochondria have adopted a crescentic or ring-shaped form. X 1400.
FIGURE 9
Liver cell fixed after transfer to 0.20 M sucrose medium. The cell membrane (C) is partly disrupted and the membranes of the endoplasmic reticulum (E) have rounded up into vesicles. The mitochondria (M) have swollen and become spherical, and contain numerous clear areas which in some cases have been displaced to the periphery. X 6000.
FIGURE 10
Higher power view of mitochondria (M) in a liver cell fixed after transfer to 0.20 M sucrose medium (as in Fig. 9 ). The mitochondria are swollen, owing chiefly to swelling of the matrix. This swelling of the matrix has displaced the swollen cristae (V) to the periphery, where in some cases the membranes of the cristae can bc seen to be continuous with the inner limiting membrane of the mitochondrion. The external limiting membrane can still be discerned (arrows). The endoplasmic rcticulum (E) shows a tendency to form vesicles; ribonucleoprotein granules are still present on the membranes of the endoplasmic reticulum. X 38,000. peared less swollen than in 0.20 M sucrose medium, but they were often fragmented (Fig. 12) , the division apparently taking place along the lines of some of the cristae.
T h e endoplasmic reticulum of the isolated cells in 0.40 M sucrose m e d i u m (Fig. 5) retained the features characteristic of normal liver, but considerable disorganization occurred when the cells were suspended in 0.20 M sucrose medium (Fig. 9 ) or in sucrose-KC1 medium (Fig. 11) . The membranes of the endoplasmic reticulum rounded into vesicles of various sizes, the ribonucleoprotein granules remaining associated with the membranes throughout these changes.
D I S C U S S I O N

Changes in the Cell Membrane
A feature of the isolated liver cell preparations seen in this study has been the partial disruption of the cell membranes, somewhat similar to that found by Coman (9) in liver perfused with EDTA. Bucciolini and Marsilii (3) have observed similar damage in isolated rat liver cells prepared by the method of Anderson (10) . The cause of this disruption is uncertain, and damage during osmium tetroxide fixation (11) or methacrylate embedding is a possibility, but mechanical t r a u m a during perfusion, dispersion, and centrifugation is perhaps more probable. Leeson and K a l a n t (4), whose preparations of perfused liver showed similar but much less extensive damage to the cell membranes, considered that if this damage were to occur prior to fixation with osmium tetroxide the cell constituents would be washed out. However, phase contrast observations have shown that even when isolated liver cells are ruptured completely in two, their organelles remain embedded within the fragments. Thus it appears that an intact cell m e m b r a n e is unnecessary for the retention of solid constituents within the cell.
The finding that the plasma membranes of isolated liver cells are partially disrupted provides an explanation for the leakage of enzymes (5, 12, 13) and other soluble constituents (4) from the cells. The loss of permeability barriers at the cell surface would also allow access of the suspending isolated cells and of perfused but undispersed liver, were not swollen but contained numerous clear areas which appeared to lie within the mitochondrial cristae. Similar clear areas have been demonstrated in isolated mitochondria suspended in 0.4 to 0.88 M sucrose obtained from rat liver (14) (15) (16) (17) , rat adipose tissue (17) , and beef heart muscle (18).
l~I GUll E 11 Liver cell fixed after transfer to sucrose-KC1 medium. The cell membrane (C) is partly disrupted and the membranes of the endoplasmic reticulum (E) have rounded up into vesicles. The mitochondria (M) are much swollen, apparently owing to an accumulation of fluid in the outer chamber, causing a displacement of the mitochondrial matrix to the periphery and thus producing a crescentic or ringshaped appearance on section. X 6000. medium to the interior of the cells so that intracellular structures would be directly exposed to the constituents of the medium. This may account for the similarities in metabolic behaviour between isolated liver cells and isolated mitochondria (5) .
Changes in Mitoehondrial Morphology
The changes in mitochondrial structure, depending upon the suspending medium, are of considerable interest in view of the differences in metabolic activity of the cells in the various media (5). In 0.40 la sucrose, the mitochondria, both of The explanation of these clear areas within the cristae and of the mitochondrial swelling which occurs in less concentrated sucrose solutions appears to be connected with the permeability of mitochondria to sucrose. Several workers (19) (20) (21) have shown that isolated mitochondria are partially permeable to sucrose, a portion of the mitochondrial volume being apparently inaccessible to sucrose. It is known from phase contrast studies (22) (23) (24) that the volume of isolated mitochondria is inversely related to the osmolarity of the suspending medium, and this osmotic be-
FIOUaE 1~
Higher power view of mitochondria (M) from a liver cell fixed after transfer to sucrose-KCl medium. The vesicle formed by the outer limiting membrane (arrows) can be seen. The mitochondrial matrix is displaced to the periphery, the cristae are less swollen (V), and there is a tendency for the matrix to appear fragmented, although continuity of the different fragments with each other might be demonstrated by serial sections. X 38,000.
haviour has been confirmed in a quantitative study by Tedeschi and Harris (25) , who found that mitochondria suspended in sucrose solutions obeyed Boyle-van't Hoff's law. Both Werkheiser and Bartley (20) and Malamed and Recknagel (21) concluded that the outer mitochondrial chamber might provide the mitochondrial volume accessible to sucrose and the inner chamber the sucrose-inaccessible volume; only the inner chamber would then behave as an ideal osmometer.
T h e electron micrographs presented here are consistent with this view. In 0.40 M sucrose, there is no swelling of the inner chamber of the mitochondria, and the spaces within the cristae can be explained by penetration of sucrose and water into the outer chamber; it is even possible that the distention of the cristae is due to osmotic withdrawal of water from the inner to the outer chamber, but there is no direct evidence for this. O n transfer to 0.20 M sucrose, the mitochondria swell and enlarge; the swollen cristae tend to be distributed to the periphery and their communications with the outer chamber proper become more evident. These changes appear to be due to penetration of water into the inner mitochondrial chamber, in accordance with the suggestion that this chamber behaves as an osmometer.
The change in mitochondrial structure on transfer of the cells from 0.40 M sucrose to sucrose-KC1 medium is less readily explicable, the outer chamber becoming grossly distended and the inner chamber displaced to one side, partly fragmented but not swollen. Similar changes have been seen in isolated mitochondria suspended in media of low ionic strength (23, 24) and also in the mitochondria of an isolated liver cell depicted by Hodge (2) . Evidently the inner chamber can resist excessive penetration of fluid in certain media of low ionic strength, but the reason is obscure.
The relationship between changes in metabolic activity and these structural changes is at present a matter for conjecture. In the isolated liver cell preparations used in the present study (5), the mitochondria appeared to behave in a fashion very similar to that of preparations of isolated mitochondria. The low metabolic activity of such preparations in sucrose concentrations above 0.25 M is well known (26) (27) (28) and has been ascribed to a reduction in the permeability of the mitochondrial membranes (27, 28) , while conversely the greater metabolic activity in media of low ionic strength has been ascribed to an increase in m e m b r a n e permeability (29, 30) . Certainly in our preparations the mitochondria are swollen and distended when the cells are suspended in 0.20 M sucrose, and it seems reasonable to suppose that this renders the enzymes of the inner chamber accessible to substrate. In the suerose-KC1 medium, the outer mitochondrial membranes are also greatly distended and, although it is evident that the mechanism of distension is different from that taking place in 0.20 M sucrose, the metabolic activity is even greater. In 0.40 M sucrose, on the other hand, it is possible that the enzymes are not accessible to the substrate and that metabolic activity is thereby prevented.
In general, it would appear that the effects of sucrose concentration on metabolic activity m a y be mediated through alterations in mitochondrial structure rather than by direct inhibition of mitochondrial enzymes.
